We have developed a screening method to identify stable protein mutants from a large number of sequences using a cellular quality control system. This method was used to screen amino acid pairs substituted for the disulfide (S-S) bond between residues 14 and 38 of bovine pancreatic trypsin inhibitor. The mutants selected could be divided into two groups: one with mutation C14G and the other with mutation C38V. Although each mutation did not fully compensate for the destabilizing effect of removal of the S-S bond, these mutants have midpoint temperatures of thermal unfolding that are 12-17°C higher than that of the C14A/C38A mutant. This fact indicates that these mutations are better substitutions for the S-S bond than C14A/C38A. The C14G mutants inhibited trypsin more strongly at 37°C than did the C14A/C38A mutant, although bulky amino acids at position 14 largely diminished the inhibitory activity of the C38V mutants. Thermodynamic analysis indicated that the enthalpy of unfolding of the C14G and C38V mutant groups differed considerably, which suggests different stabilizing mechanisms in these two groups. Because renaturation of S-S bonds is often difficult in the large scale production of proteins, this method should provide a useful tool with which to increase the production of recombinant proteins by eliminating S-S bonds with minimum concomitant stability loss.
Most disulfide (S-S) bonds in native proteins stabilize the protein structure. The removal of an S-S bond by reduction or by the substitution of other amino acids results in a marked destabilization of those proteins (1) (2) (3) (4) (5) (6) (7) . We are interested in determining which amino acid pair is best able to compensate for this loss of stability and to maintain the native structure under physiological conditions when an S-S bond is removed. To identify these mutations, screening is required to select the optimal substitute pair from the entire set of possible combinations of two amino acids (399 pairs).
Methods that use a cellular quality control system have been developed to identify stable protein mutants from a large number of sequences (8 -10) . The quality control system in secretory pathways uses resident chaperones in the endoplasmic reticulum to discriminate between native and incompletely folded structures in a broad range of proteins (11) (12) (13) (14) . In this pathway, native or correctly folded proteins are secreted, whereas misfolded proteins are retained and degraded within the cells. Moreover, the secretion efficiencies of proteins correlate with their stability (10, (15) (16) (17) (18) .
Our method combines screening based on the secretion efficiency of each protein detected by an antibody directed against a generic tag and a simple biophysical assay for comparing molecular weights (10) . It is noteworthy that this screening is independent of any prior knowledge of the target protein's functions, such as its enzymatic activity. Therefore, this method can be applied to identify novel sequences that form native structures. In previous work, we screened ϳ30,000 sequences that encoded random mutations in an unstable bovine pancreatic trypsin inhibitor (BPTI) 1 variant, which lacks two of three disulfide bonds (C14A/C30A and C38A/C51A), designated 1-SS BPTI, and identified mutations that stabilize the unstable BPTI variant (10) .
BPTI is widely used to study the mechanism of protein folding (19, 20) . It consists of 58 amino acids with three S-S bonds at positions 5-55, 14 -38, and 30 -51. These bonds are important for the stability of the native structure of BPTI (1, (21) (22) (23) (24) . Although 1-SS BPTI, which lacks two S-S bonds, retains the native structure, the midpoint temperature of thermal unfolding (T m ) is approximately 60°C lower than that of wild-type BPTI, and 30°C lower than that of 2-SS BPTI, which contains the mutations C14A/C38A and consequently lacks only one S-S bond.
In this work we focused on the S-S bond between Cys-14 and Cys-38 and identified a more favorable combination than the C14A/C38A mutations. First, we made a library of mutant sequences that contained random mutations at residues 14 and 38 on the 1-SS BPTI template. This library was then screened on the basis of secretion efficiencies and a gel electrophoresis assay. With this screening technique, we identified new types * This work was supported in part by a grant from the Japanese Ministry of Education, Culture, Sports, Science and Technology (Support for Young Researchers with a Term). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
§ To whom correspondence may be addressed. Tel.: 81-72-751-9521; Fax: 81-72-751-9628; E-mail: n-yumoto@aist.go.jp or hagihara-kappael@ aist.go.jp. of substitutions at positions 14 and 38 in addition to the C14G mutation identified in previous work (10) . We then measured the inhibitory activity, circular dichroism (CD), and differential scanning calorimetry (DSC) of these mutants. ura3-1 leu2-3, 112 his3-11, 15 can1-100) was a gift from G. Fink of the Whitehead Institute (Cambridge, MA). All transformations were performed with a Gene Pulser (Bio-Rad). DNA fragments that encoded a signal sequence, a prosequence, a multicloning site, and a Flag-tag sequence were all inserted sequentially into p415GALS to create p415GSSE (10, 25, 26) . Mutant BPTIs that varied in the random mutations at positions 14 and 38 were prepared by PCR using Pfu Turbo DNA polymerase (Stratagene, La Jolla, CA). First, 5Ј and 3Ј DNA fragments that encoded the amino acid sequences corresponding to residues 1-17 and 32-58 were amplified using primers randomized at amino acid positions 14 and 38 and primers that contained sequences outside the cloning site. Next the whole BPTI sequence was amplified using the short DNA fragments thus prepared. PCR products were cloned into p415GSSE and transformed into Escherichia coli XL-1 Blue (Stratagene). The total number of colonies exceeded 20,000. Approximately 90% of the colonies contained successfully ligated plasmids. In the sequences of 28 randomly picked clones, no clear preference for specific amino acids at positions 14 and 38 was observed.
EXPERIMENTAL PROCEDURES

Construction of a Library of BPTI Mutants Randomized at Residues 14 and 38 -Saccharomyces cerevisiae strain RY810556 -2B (MAT␣
Screening the Random Mutant Library-The expression and detection of secreted proteins were carried out using previously described methods (10) . However, in this work we omitted the second screening because the number of possible mutants (400) was much smaller than in the previous work. For on-plate immunodetection, plates of transformants were covered with a nitrocellulose membrane onto which secreted proteins transferred after 3-4 days of induction with 2% galactose. Cells that stuck to the membrane were washed off with water without cell disruption. In this experiment, only secreted proteins were bound to the membrane. Proteins were detected with an anti-FLAG M2 monoclonal antibody (Sigma) and chemiluminescence (Amersham Biosciences). The candidate clones were cultured for 2 days in natural liquid (YEP) medium, with 2% galactose instead of glucose as the carbon source (27) . Each culture medium was subjected to 5-20% nonreducing SDS-PAGE. An M2 antibody assay was used to detect proteins after Western blotting.
Biophysical Measurements of the Isolated Mutants-Isolated DNAs that encoded the candidate mutant proteins and the original BPTI mutants were cloned into an E. coli expression vector, pAED4 (28) . Moreover, two control mutants that encoded the C14A/C38V and C14L/ C38L mutations were prepared using PCR-based mutagenesis. The cloned sequences were designed to encode a start codon, residual amino acids from the prosequence, and an epitope tag. They were expressed in E. coli strain BL21 (DE3) pLysS (Stratagene) and purified by reversedphase high-performance liquid chromatography (29) . In each case, the molecular weights of the purified proteins were measured by matrixassisted laser desorption ionization time-of-flight mass spectrometry (Applied Biosystems, Foster City, CA) and were found to be identical to the expected values calculated from their amino acid sequences (with an error of Ϯ0.025%). CD spectra were collected with J-720 or J-820 spectropolarimeters (Jasco, Tokyo, Japan) at 20°C in a buffer of 10 mM Tris-HCl (pH 7.6), 150 mM NaCl, and 1 mM EDTA. Thermal unfolding was monitored by the change in ellipticity at 222 nm at a protein concentration of 4 M. The buffers used for thermal unfolding experiments contained 10 mM glycine-HCl (pH 2.5-3.8), sodium acetate (pH 4.1-5.5), or sodium phosphate (pH 7.4), with 150 mM NaCl and 1 mM EDTA. DSC measurements of 2-SS BPTI and two mutants (C14I/C38V and C14G/C38M/A27V) were made using a 6100 Nano II Differential Scanning Calorimeter (N-DSC II; Calorimetry Sciences Corp., American Fork, UT) in a buffer of 50 mM sodium acetate (pH 4.8), 100 mM NaCl, and 1 mM EDTA. For both CD and DSC measurements, the heating rate was 1°C/min. In all CD measurements, more than 80% of CD signals were observed at room temperature after heat denaturation. In all DSC measurements, more than 80% of heat absorption was observed in the second run.
Thermodynamic Analysis-CD and DSC results were analyzed on the basis of the two-state transition mechanism using Igor Pro (WaveMetrics Inc., Lake Oswego, OR).
In the analysis of the unfolding transitions detected by CD, the free energy change of unfolding at a given pH at temperature T was:
where T m pH and ⌬H U,37 are the midpoint temperature of thermal unfolding at a given pH and the enthalpy change from the native state to the unfolded state at 37°C, respectively. In this analysis, we assumed ⌬Cp was constant. Because ⌬H U,37 and ⌬Cp should be independent of pH, multiple CD unfolding curves at different pH values could be analyzed by global fitting using the same ⌬H U, 37 and ⌬Cp values.
For DSC analysis, ⌬Cp was estimated to be the difference between the base-line values for the unfolded (BL U ) and native (BL N ) states. BL U and BL N are represented by BL U ϭ BL U1 T ϩ BL U2 and BL N ϭ BL N1 T ϩ BL N2 , respectively. Thus, the ⌬Cp at temperature T is as follows.
Therefore, the enthalpy and entropy changes of unfolding are described, respectively, as follows.
The molar heat capacity, Cp(T), is calculated by the following equation,
where f u is the fraction of molecules in the unfolded state calculated from the Gibbs-Helmholtz equation and Equations 3 and 4.
Trypsin Inhibition-Trypsin activity was assayed in the presence of various concentrations of BPTI mutants at 37°C by monitoring, at 405 nm, the release of p-nitroanilide from N-␣-benzoyl-L-arginine p-nitroanilide (Peptide Institute Inc., Osaka, Japan) (30) . The assay mixture contained 0.2 M potassium phosphate (pH 7.1), 0.1 M KCl, 1 mM EDTA, 100 nM trypsin (Pierce), and 0.5 mM substrate. Reactions were initiated by the addition of substrate after preincubation of the inhibitor and trypsin for 5 min at 37°C. Inhibition at a stoichiometric concentration was determined by the linear extrapolation of measurements at different concentrations of inhibitor.
Determination of Protein Concentration-The concentration of protein in the stock solution was determined by absorbance at 280 nm (31) .
RESULTS
Screening for Favorable Pairs of Mutations at Positions 14 and 38 -
We screened approximately 8000 clones on plates on the basis of the secretion efficiencies of target sequences (Fig.  1A) . Fifty-four clones that showed strong signals were selected and cultured in liquid medium for further screening. The supernatants of these cultures were subjected to SDS-PAGE under nonreducing conditions and immunoblotting. Eighteen clones that produced intense bands were selected and sequenced (Fig. 1B) . The mutations in the selected clones are summarized in Table I .
Because 1-SS BPTI carries the C14A/C38A mutations and is unstable at 30°C, this sequence is recognized by the quality control system to be unfolded and is not secreted (10, 16) . Therefore, the mutations identified here are considered to be better than the C14A/C38A mutations as substitutes for the S-S bond. Interestingly, all the sequences could be divided into two groups: one group contained mutants with the C14G mutation and the other contained mutants with the C38V mutation. In the C14G group, the mutations at position 38 were Leu, Val, Met, or Gln. In the other group, the mutations at position 14 were Leu, Val, Ile, or Met. The C14L/C38V and C14I/C38V mutations were found in nine and two clones, respectively. It is unclear why the C14L mutation was over-represented, because we did not observe this mutation at such a high frequency in the sequences of randomly picked clones. Two isolated se-quences had unexpected mutations at positions other than 14 and 38 (A16T and A27V).
Effects of Amino Acid Substitutions at Positions 14 and 38 on T m and Inhibitory Activity-The identified mutants were expressed in E. coli and purified. To compare the stability of these mutants with that of 1-SS BPTI and 2-SS BPTI, thermal unfolding experiments were carried out by performing CD at a neutral pH. All of these mutants displayed T m values higher than that of 1-SS BPTI, which indicates that the amino acid pairs substituted in these mutants fit better at positions 14 and 38 than the C14A/C38A pair (Table I and Fig. 2A) . The far-UV CD spectra of these mutants were very similar to those of 1-SS BPTI and 2-SS BPTI, and the intensities of the peaks deviated only slightly from each other, which indicates that all the mutants have similar levels of secondary structure (Fig. 2B) . To further clarify the effect of the C38V mutation, two control mutants with C14A/C38V and C14L/C38L mutations were prepared (Table I) . Both these control mutants displayed lower T m values than those of the C38V mutants, suggesting the importance of both the Val at position 38 and a hydrophobic residue at position 14 (see "Discussion").
To examine the effects of mutations on inhibitory activity, we measured the activity of trypsin in the presence of various concentrations of the obtained mutants, 1-SS BPTI, and 2-SS BPTI at 37°C (Table I ). The C14G mutant group inhibited trypsin in a stoichiometric manner, although 1-SS BPTI showed approximately 60% inhibition at this temperature. More than 50% of 1-SS BPTI molecules were unfolded under these reaction condition, and therefore more than a stoichiometric concentration of 1-SS BPTI was required to inhibit trypsin.
On the other hand, only very weak or no inhibitory activity was observed in the C38V mutant group. Lys-15 in BPTI constitutes the P1 site in the inhibition of trypsin, and mutation of this residue markedly decreases the inhibitory activity of BPTI (32) . Because the C14A/C38V mutant exhibited some degree of inhibitory activity (50%), a bulky side chain at position 14 may reduce the binding affinity of BPTI to trypsin in the C38V mutant group.
This result confirmed the uniqueness of our screening method. Mutants with greater stability but lower activity are rarely identified by conventional activity-based screening such as directed evolution. By contrast, our screening technique can identify this type of mutant because the cellular quality control system can directly recognize the structural status of the target protein.
Thermodynamic Characterization of Mutants-To characterize these mutants thermodynamically, thermal unfolding transitions detected by ellipticity at 222 nm were measured at a minimum of six different pH values for each sequence and were analyzed by global fitting (Fig. 3A) . At these pH values, T m values ranged from ϳ30°C to ϳ50°C in both mutant groups.
It is noteworthy that the enthalpy of unfolding at 37°C (⌬H U,37 ) differed significantly between the two groups of mutants (Fig. 4) . The averaged ⌬H U,37 values for the C38V group and C14G group were 180 Ϯ 7 and 221 Ϯ 7 kJ/mol, respectively. We also checked whether this difference was apparent in DSC measurements. The enthalpy values at the T m values calculated from DSC measurements for C14I/C38V (C38V group) and C14G/C38M/A27V (C14G group) were 187 and 241 kJ/mol, respectively (Fig. 3B) . From CD measurements, the ⌬H U,37 values for the C14I/C38V and C14G/C38M/A27V mutants were calculated to be 184 and 229 kJ/mol, respectively. The difference in enthalpy values between the two mutants calculated from DSC was 54 kJ/mol, which is similar to the difference in ⌬H U,37 calculated from CD measurements (45 kJ/mol) and confirms the clear difference in enthalpy values between the two groups.
It has been reported that ⌬Cp of wild-type BPTI is 3.0 kJ/mol at 25°C and 2.6 kJ/mol at 50°C (33) . The ⌬Cp of unfolding for 2-SS BPTI was estimated to be 3.5 kJ/mol from CD measurements and 2.7 kJ/mol from DSC values (24) . In our experiments the ⌬Cp values for mutants estimated from thermal unfolding detected by CD ranged from 0.4 to 1.7 kJ/mol. ⌬Cp values were also calculated from the differences between the base-line values of the native and unfolded states with DSC. The ⌬Cp values of 2-SS BPTI, C14I/C38V, and C14G/C38V/A27V at T m were estimated to be 1.9, 2.2, and 1.4 kJ/mol, respectively. These values were also used to analyze heat absorption curves and produced a good fit to the raw data (Fig. 3B) . DISCUSSION We have identified two types of mutations at positions 14 and 38 to substitute for the S-S bond: C14G and C38V mutant groups. Although these mutants were less stable than 2-SS BPTI which has an S-S bond between 14 and 38, they exhibited FIG. 1. Two-step screening for the selection of clones. A, detection of secreted BPTI variants on plates. Several strong signals were observed on this plate, indicating the effective secretion of mutant BPTIs. A total of 54 clones displaying strong signals were selected in this step. B, the clones selected in the first screen were cultured in liquid medium. After 2 days of induction, the supernatants of these cultures were subjected to nonreducing SDS-PAGE, followed by immunoblotting of the gel. The supernatant of a culture of 2-SS BPTI was separated electrophoretically (lane 1, indicated by dotted arrow) as a positive control. Eighteen positive clones were selected by the molecular weights and the amounts of protein secreted. For example, the clone in lane 6 (indicated by solid arrow) was selected and identified by DNA sequencing to be a C14G/C38L mutant. In all screens, the secreted protein, bound to nitrocellulose or polyvinylidine difluoride membrane, was detected by an M2 antibody against a generic FLAG tag.
T m values 12-17°C higher than that of the C14A/C38A mutant (1-SS BPTI). Furthermore, the C14G group inhibited trypsin in a stoichiometric manner at 37°C, whereas 1-SS BPTI showed only 60% inhibition. These results confirm that our screening method can be used generally to identify mutations that can substitute for S-S bonds.
The T m of C14V/C38V was 47°C, and this mutant was the least stable of the selected mutants. Because the C14L/C38L mutant was not selected by screening, the threshold T m of the mutants that were selected by this screening method should be between 42 and 47°C. This threshold temperature is slightly lower than that published elsewhere (16) but is higher than the temperature for yeast growth (30°C). It can be seen from the CD transition that a small proportion of the unstable mutant proteins are unfolded at 30°C, e.g. 5% of the C14L/C38L mutants are unfolded at 30°C. The quality control system may trap unfolded molecules and could thus gradually degrade whole fractions of unstable mutants.
Liu et al. (24) systematically studied mutations substituted for the S-S bond between positions 30 and 51 of BPTI. Of the eight mutants examined, the C30V/C51A mutant was the only pair of mutations more stable than C30A/C51A. Proba et al. (34) constructed a sequence library in which the two S-Sforming cysteine residues at positions 23 and 88 of the variable domain of a single-chain antibody were replaced by Ala, Val, Leu, Ile, or Phe; the total number of variant amino acid pairs was 25. From this library, they identified the pairs C23A/C88A and C23V/C88A using a phage display method, which suggests that Ala/Ala and Val/Ala are good substitutes for the S-S bond. However, in this work we identified better mutations than Val/Ala and Ala/Ala (Table I) . It is plausible that searching larger numbers of pairs allowed us to identify even better pairs to substitute for S-S bonds.
In previous work (10), we found that the C14G/C38A mutant was more stable than 1-SS BPTI, which contains the C14A/ C38A mutations. Thus, Gly fits better at position 14 than Ala. In the present study, the mutations that occurred at position 38 with C14G were Leu, Met, Val, and Gln. These mutations increased the T m by 2-5°C compared with C14G/C38A, which indicates that a hydrocarbon at the ␥ and/or ␦ positions contributed to the increase in stability. However, the difference between the C14G/C38L and C14G/C38V mutants is small and suggests that the specificity of the amino acid at position 38 is not so critical when it occurs with the C14G mutation.
In addition to the C14G mutation, the C38V mutation was identified in this work. Because all the mutated amino acids at position 14 in the C38V group were hydrophobic, we constructed a control mutant, C14A/C38V, to examine the effect of hydrophobic amino acids at position 14. Although the T m of C14A/C38V was more than 6°C lower than those of the C38V mutant group, this mutant exhibited a T m 6°C higher than that of C14A/C38A (1-SS BPTI). Therefore, the hydrophobic amino acid at position 14 in the C38V group contributed about half the increase in T m in this group. Furthermore, Val at position 38 is more favorable for BPTI structure than Ala. To confirm the specificity of the C38V mutation, we compared the C14L/C38V mutant with the second control mutant, C14L/ C38L. The C14L/C38L mutant was 6°C less stable than C14L/ C38V, indicating that Val fits better at position 38 than Leu when position 14 contains amino acids other than Gly. From the comparison of T m values between Ala and Leu mutations at partner positions in each group, we found that the contributions of hydrophobic amino acids at partner positions were different between the C14G and C38V mutant group. The difference in T m between C14G/C38A and C14G/C38L was 4°C. On the other hand, the difference between C14A/C38V and C14L/C38V was 7°C. Therefore, the hydrophobic amino acid in the partner position produced greater stability with the C38V mutation than with the C14G mutation.
An S-S bond is the most appropriate structure at positions 14 and 38 in terms of T m . The 2-SS BPTI mutant displayed a ⌬H U,37 (208 kJ/mol) slightly smaller than that of the C14G group (221 Ϯ 7 kJ/mol), and thus 2-SS BPTI was entropically more stable than the C14G mutants. The entropy of unfolding at 37°C and pH 7.4 (⌬S U,37 pH7 ) was calculated for each mutant group from the ⌬H U, 37 and T m values at pH 7.4. The average ⌬S U,37 pH7 values for the C38V and C14G groups were estimated to be 559 Ϯ 21 J/K/mol and 683 Ϯ 20 J/K/mol, respectively. On the other hand, ⌬S U,37 pH7 for 2-SS BPTI was 616 J/K/mol, which is intermediate between the ⌬S U,37 pH7 values for the C38V and C14G groups. Therefore, in entropy terms, the C38V mutation constitutes a better fit than the S-S bond. In the classical chain entropy model, an S-S bond is considered to stabilize the native state of a protein by reducing the entropy of the unfolded state (35) . However, this result shows that the S-S bond between residues 14 and 38 in BPTI plays a more complex role and contributes to both enthalpic and entropic energies. Similar observations have been reported for the S-S bonds in other proteins (2, 36) Both mutant groups shared similar T m values at neutral pH values. However, thermodynamic analysis revealed that their enthalpy values of unfolding differed considerably (Fig. 4) . In terms of enthalpy, the C14G mutation was favored compared with the C38V mutation. On the other hand, the C38V mutants showed much smaller entropy values (⌬S U,37 pH7 ϭ 559 J/K/ mol) than those of the C14G mutants (683 J/K/mol), indicating that the C38V mutants are more stable than the C14G mutants in terms of entropy. The difference in the favored thermodynamic parameters in the two groups suggests that a different mechanism operates to stabilize the structures of the mutants, although an understanding of the origin of the difference requires further experimentation with techniques such as nuclear magnetic resonance spectroscopy or x-ray crystallography.
Disulfide bonds occur in many industrially and pharmaceutically important proteins such as proteases and antibodies. Renaturation of these S-S bonds is one of the most challenging issues in the production of recombinant proteins, especially when the products accumulate in inclusion bodies in E. coli (37, 38) . Elimination of even one S-S bond critically decreases the possible combinations of S-S bonding patterns and results in a higher yield of renatured proteins. Therefore, our screening , and C14I/C38V were estimated to be 235, 241, and 187 kJ/mol, respectively. Measurements were made in a buffer of 50 mM sodium acetate (pH 4.8), 100 mM NaCl, and 1 mM EDTA. For DSC measurements, the concentrations of 2-SS BPTI, C14G/C38M/ A27V, and C14I/C38V were 560, 655, and 500 M, respectively.
FIG. 4. Enthalpy of unfolding of mutants, 1-SS BPTI, and 2-SS BPTI at 37°C.
The enthalpy values of unfolding at 37°C (⌬H U,37 ) were calculated from the thermal unfolding curves for each mutant at different pH values using a global fitting method. Because more than six curves were used for curve fitting, the errors in ⌬H U,37 were very small (Ͻ 1%). Averaged ⌬H U,37 values for the C38V group and the C14G group were 180 Ϯ 7 and 221 Ϯ 7 kJ/mol, respectively.
